The molecular evolution of dotA, which is related to the virulence of Legionella pneumophila, was investigated by comparing the sequences of 15 reference strains (serogroups 1 to 15). It was found that dotA has a complex mosaic structure. The whole dotA gene of Legionella pneumophila subsp. pneumophila serogroups 2, 6, and 12 has been transferred from Legionella pneumophila subsp. fraseri. A discrepancy was found between the trees inferred from the nucleotide and deduced amino acid sequences of dotA, which suggests that multiple hits, resulting in synonymous substitutions, have occurred. Gene phylogenies inferred from three different segments (the 5-end region, the central, large periplasmic domain, and the 3-end region) showed impressively dissimilar topologies. This was concordant with the sequence polymorphisms, indicating that each region has experienced an independent evolutionary history, and was evident even within the same domain of each strain. For example, the PP2 domain was found to have a heterogeneous structure, which led us hypothesize that the dotA gene of L. pneumophila may have originated from two or more different sources. Comparisons of synonymous and nonsynonymous substitutions demonstrated that the PP2 domain has been under strong selective pressure with respect to amino acid change. Split decomposition analysis also supported the intragenic recombination of dotA. Multiple recombinational exchange within the dotA gene, encoding an integral cytoplasmic membrane protein that is secreted, probably provided increased fitness in certain environmental niches, such as within a particular biofilm community or species of amoebae.
The dotA gene encodes an integral cytoplasmic membrane protein (DotA) of Legionella pneumophila (29) , the causative agent of Legionnaires' disease (13) . DotA has eight hydrophobic transmembrane domains (29) and is related to the virulence of L. pneumophila (4, 41) . It is known to prevent phagosome-lysosome fusion in macrophages (28, 42) . The dotA gene is a component of the pathogenicity island, which contains the 24 dot/icm genes on two unlinked 22-kb regions on the L. pneumophila chromosome (30, 40) . The Dot (defect in organelle trafficking)/Icm (intracellular multiplication) transporter is known to be a type IV secretion system (31) . Moreover, L. pneumophila mutants defective in the Dot/Icm transporter system cannot replicate within macrophages or amoebae (2, 20, 28, 40) .
Recently, it was reported that DotA is secreted extracellularly (24) . In addition, there is significant similarity between the amino acid sequence of DotA and that of TraY of plasmid ColIb-P9 in Shigella sonnei (18, 32, 43) .
As a component of a type IV transporter, TraY is involved in the conjugal transfer of the plasmid. The similarity between the Dot/Icm proteins of L. pneumophila and the Tra/Trb proteins in the ColIb-P9 plasmid of S. sonnei suggests that the dot/icm genes may have originated from such a plasmid (32) . In addition, sequence homologies of the Dot/Icm system with the chromosomal sequences of Coxiella burnetii (32, 44) have also been found. C. burnetii is an intracellular pathogen which causes Q fever and is evolutionarily close to L. pneumophila. The IncI1 plasmid conjugation system of S. sonnei might have been transferred into an unknown common ancestor of Legionella and Coxiella (18) . These findings suggest that the evolutionary origin of the dot/icm genes in L. pneumophila is complicated.
In a previous study, the possibility that horizontal gene transfer or intraspecies recombination had occurred in L. pneumophila was raised (17) on the basis of analysis of partial dotA sequences (360 bp). Ninety-six strains of L. pneumophila were classified into six subgroups (four subgroups in Legionella pneumophila subsp. pneumophila and two subgroups in Legionella pneumophila subsp. fraseri) on the basis of both rpoB and dotA gene sequences. However, the phylogenetic relationships between the subgroups generated from the dotA sequences differed dramatically from those for the housekeeping rpoB sequences. A similar result was mentioned in the report of Bumbaugh et al. (6) , in which they compared dotA and mip gene sequences. However, the results obtained were insufficient to elucidate the molecular origin or evolution of dotA in L. pneumophila. Thus, we undertook this study to find definite evidence for horizontal gene transfer or intraspecies recombination of dotA by comparing nearly whole dotA sequences from all serogroups (SGs).
MATERIALS AND METHODS
L. pneumophila strains. Fifteen L. pneumophila reference strains, representing SGs 1 to 15, were used in this study (Table 1) . Of these, SGs 4, 5, and 15 belonged to L. pneumophila subsp. fraseri, and the rest belonged to L. pneumophila subsp. pneumophila (5, 17) . In the cases of SG 1 (ATCC 33152), SG 3 (ATCC 33155), SG 7 (ATCC 33823), and SG 12 (ATCC 43290), we used the dotA sequences of Bumbaugh et al. (6) , as indicated in Table 1 . The dotA DNA sequences determined in this study were submitted to GenBank, and the accession numbers of the 15 reference strains are given in Table 1 .
dotA amplification and sequencing. DNA was extracted using the bead beaterphenol extraction method, as previously described (17) . To amplify nearly the whole dotA gene, two primer sets (1F-DL2 and DL1-DL4) were used ( Table 2) . PCRs were performed using 30 cycles of 95°C for 30 s, 50 to 55°C for 30 s, and 72°C for 1 min. Template DNA (ca. 50 ng) and 20 pmol of each primer were added to a PCR mixture tube (AccuPower PCR PreMix; Bioneer, Daejeon, Korea), which contained 1 U of Taq DNA polymerase, each deoxynucleoside triphosphate at a concentration of 250 M, 50 mM Tris-HCl (pH 8.3), 40 mM KCl, 1.5 mM MgCl 2 , and gel loading dye. The final volume was adjusted to 20 l with distilled water. The amplified PCR products were detected on 1.5% agarose gels stained with ethidium bromide and were purified for sequencing by using a QIAEX II gel extraction kit (Qiagen, Hilden, Germany).
Cycle sequencing was performed using an Applied Biosystems model 377 automated sequencer and a BigDye terminator cycle sequencing kit (Perkin-Elmer Applied Biosystems, Warrington, United Kingdom). For the sequencing reaction, 30 ng of purified PCR products, 2.5 pmol of primer, and 4 l of BigDye terminator RR mix (no. 4303153; Perkin-Elmer Applied Biosystems) were mixed and adjusted to a final volume of 10 l with distilled water. The reaction was run with 5% (vol/vol) dimethyl sulfoxide for 30 cycles of 15 s at 95°C, 5 s at 50°C, and 4 min at 60°C.
Sequence alignment. Raw sequences were analyzed and concatenated by DNASTAR (Madison, Wis.). Multiple alignments were accomplished with amino acid sequences inferred by using CLUSTAL X (39) . Amino acid sequences were deduced with the MegAlign program of DNASTAR. Based on the alignments of deduced amino acid sequences, an aligned data set of nucleotide sequences was obtained.
Sequence analysis. Phylogenetic trees were inferred from amino acid and nucleotide sequences by using the parsimony methods in PAUP (version 4; Sinauer Associates, Sunderland, Mass.) and the midpoint rooting option. Phylogenies were evaluated from nucleotide sequences in three partitioned regions of dotA, respectively. The first part specified the 5Ј-end region (residues 31 to 414), which corresponds to a region from the first to the third transmembrane domain (TM1 to TM3). The second part corresponded to the second periplasmic domain (PP2; residues 415 to 1944), and the third included the 3Ј-end region (residues 2767 to 3159), which spans TM8 and the fifth cytoplasmic domain (CP5) (see Fig. 1 and 2). The branch supporting values were evaluated with 500 bootstrap replications (12, 15) .
To investigate the effect of recombination on the evolutionary relationships among the SGs of L. pneumophila, a split decomposition tree was generated using the SPLITSTREE program (version 3.1) (16) . Nucleotide substitution in dotA was analyzed by measuring the ratio of the number of synonymous substitutions per synonymous site (d S ) to the number of nonsynonymous substitutions per nonsynonymous site (d N ); these were calculated by using the SNAP program based on the method of Nei and Gojobori (25) and incorporated the statistics developed by Ota and Nei (26) . This analysis was applied to all dotA sequences and to sequences of the TM, CP, and PP domains, as well as to those of the PP2 domain. Alignment gaps were excluded from the analysis.
Nucleotide sequence accession numbers. The dotA sequences determined in this study have been submitted to GenBank under accession numbers AY194414 to AY194424.
RESULTS
dotA sequences. Nearly whole dotA sequences were determined from all SGs of L. pneumophila in this study. Only 30 and 36 nucleotides at the 5Ј and 3Ј ends, respectively, could not be included in the analysis due to the positions of primers and sequence ambiguity. From multiple alignment, we obtained 3,129 nucleotide and 1,043 deduced amino acid data sets of aligned dotA sequences including gaps.
The locations of the eight TM domains and gaps are indicated in Fig. 1 . Three insertion-deletion regions, IDR-A (IDR-A1, -A2a, -A2b, -A3, and -A4), IDR-B (IDR-Ba, -Bb, and -Bc), and IDR-C (IDR-C1 and -C2), were found in the PP2, PP4, and CP5 domains, respectively. Strains belonging to the same subgroup, which had been previously classified from partial rpoB and dotA sequences (17), showed identical IDR patterns, except for SG 2 in P-III ( Fig. 1 ). Figure 2 shows polymorphisms in the nucleotide sequence, excluding gaps (180 bp) in the aligned data set. The nucleotide polymorphism in the whole of the aligned sequences was 21.87% (645 of 2,949 nucleotides Heterogeneous similarity patterns of sequence polymorphisms and identities were observed in different regions of dotA in SG 14, SG 8, and SG 15. The sequence of a region (from the 5Ј end to bp 416, including the TM1, PP1, TM2, CP2, and TM3 domains) of SG 14 was very similar (99.4% similarity) to the same region of SG 13 ( Fig. 2A, shading) . Another two regions, i.e., the region from bp 2529 to 2682 and the region from bp 2810 to the 3Ј end of the SG14 sequence, were similar to those of SGs 2, 6, and 12 and to those of SGs 3 and 10 ( Fig. 2B, shading) , respectively. However, the dotA sequence of SG 14 in the other regions showed distinct nucleotide polymorphisms (Fig. 2) .
The dotA sequence of SG 8 also showed a heterogeneous similarity in different regions. Its sequence from TM1 to TM3 (from the 5Ј end to residue 402) was very similar (97.9 to 98.5%) to the corresponding sequences of SGs 3, 10, and 11 ( Fig. 2A, underlining) . However, SG 8 also showed a high sequence homology (99.1 to 99.4%) with SGs 7 and 13 in the PP2 domains (residues 804 to 1341) and had a sequence similarity of 97.7% with SG 11 in the CP5 domain (residues 2857 to 3117).
The SG 5 strain, which belongs to L. pneumophila subsp. fraseri, showed a dotA PP2 domain sequence (from residue 450 to 1035) similar (98.1 to 98.3%) to those of the L. pneumophila subsp. pneumophila strains representing SGs 2, 6, and 12 ( Fig.  2A, box) . However, it also had sequences similar to those of the SG 4 and 15 strains, which are strains of L. pneumophila subsp. fraseri, in the other regions.
Phylogenetic analysis. Phylogenetic relationships of L. pneumophila, inferred from almost-complete dotA nucleotide sequences and the deduced amino acid sequences, are shown in Fig. 3 . Four subgroups (P-I to P-IV) of L. pneumophila subsp. pneumophila and two subgroups (F-I and F-II) of L. pneumophila subsp. fraseri, which were defined in a previous report (17) , also occurred in trees based on the full dotA sequences. Although incongruence exists in the positions of SGs 3 and 10, the two phylogenies from the nucleotide and deduced amino acid sequences were similar. The clade of SGs 3 and 10, which was designated subgroup P-II, clustered with SGs 1 and 9 of subgroup P-I in the amino acid tree (Fig. 3B) but not in the nucleotide tree (Fig. 3A) . Other incongruences, such as that in the position of SG 11 and that of the relationships among strains of subgroup P-III, also appeared in the two trees.
Phylogenetic trees constructed with the sequences of three different regions (the 5Ј-end region, the PP2 domain, and the 3Ј-end region) showed significantly different topologies ( on January 17, 2020 by guest http://jb.asm.org/ 4). First, the positions of SG 14 in the different trees were dramatically different. SG14 clustered with SG 13 in the tree based on the 5Ј-end region sequence, which was supported robustly by bootstrap analysis (99%) (Fig. 4A ). However, it did not group with any other strain in the PP2 domain tree (Fig.  4B) , and it grouped with SGs 3 and 10 in the 3Ј-end region tree (bootstrap supporting value, 92%) ( Fig. 4C) . Second, the positions of SG 8 in the different trees were also inconsistent. Although SG 8 was grouped with SGs 3, 10, and 11 in the tree of the 5Ј-end region despite a low bootstrap supporting value (Fig. 4A) , it had a close relationship with SGs 7 and 13 in the PP2 domain tree, with complete support by bootstrap analysis (100%) (Fig. 4B) , and it clustered only with SG 11 in the 3Ј-end region tree (bootstrap supporting value, 77%) ( Fig.  4C ). SG 11 did not cluster with any other strains in the PP2 domain tree (Fig. 4B) , while it had a close relationship with SG 8 in the trees of the 5Ј-and 3Ј-end regions ( Fig. 4A and C) . These incongruent positions of different dotA regions were almost identical to the alignment patterns in sequence comparisons ( Fig. 1 and 2) . To examine how the recombination of dotA can affect the phylogenetic relationships among the serogroups, split decomposition analysis (3) was performed. The fit parameter of the split graph was 0.81, and the split graph showed evidence of a network-like evolution, consistent with recombination ( Fig. 5 ).
Heterogeneity of nucleotide substitutions. The degree of selective constraint on the deduced amino acid sequence can be inferred from the d S /d N ratio. The overall d S /d N ratio for dotA was much larger than 1 (d S /d N ϭ 9.65). However, the ratio differed for the different domains. The ratios of the CP and PP domains decreased to 3.37 and 1.45, respectively. Moreover, the ratio of the PP2 domains was much smaller than 1 (0.49) ( Table 3) .
Cumulative increases in synonymous and nonsynonymous changes through dotA were plotted against the codon numbers. The number of synonymous substitutions increased linearly, while the number of nonsynonymous substitutions did not (Fig.  6 ). The rate of increase in nonsynonymous changes was lower than the rate of increase in synonymous changes in most regions. However, the number of nonsynonymous substitutions increased dramatically in a region of the PP2 domains (from amino acid residue 160 to 520) (Fig. 6) . The low d S /d N ratio (Ͻ1) of the PP2 domains might be caused by this abrupt increase in nonsynonymous changes.
DISCUSSION
Our comparison of the almost-complete dotA sequences of L. pneumophila showed extensive polymorphism. Although great sequence divergence in dotA was reported previously (6, 17) , an unexpected and marked heterogeneity of dotA in several strains was newly observed in this study. Although strains of SGs 2, 6, and 12 belong to L. pneumophila subsp. pneumophila (subgroup P-III), they were found to be closely related to strains of L. pneumophila subsp. fraseri. This is consistent with the result of a previous study using partial dotA sequences (17) . The close relatedness of strains of L. pneumophila subsp. pneumophila to strains of L. pneumophila subsp. fraseri by whole dotA sequence analysis may indicate that a segment including the total dotA gene might have been transferred from L. pneumophila subsp. fraseri to one subgroup (P-III) of L. pneumophila subsp. pneumophila. However, genes other than dotA in the pathogenicity islands of subgroup P-III do not show a close relationship to the corresponding genes of L. pneumophila subsp. fraseri (unpublished data). In this respect, it is plausible that a partial segment, including the dotA gene within the pathogenicity islands, might have been transferred among the subgroups of L. pneumophila.
Discrepancy between trees based on nucleotide and amino acid sequences (Fig. 3 ) may suggest that several synonymous mutations have occurred at the same sites. Multiple hits at a single site, which cause a saturation of base substitution, can prevent one from inferring true evolutionary events. Such multiple hits may result in synonymous substitutions in the genes encoding functional proteins, which may obscure phylogenetic relationships (27) . Considering the consistency and retention indices (CI and RI, respectively) of nucleotide and deduced amino acid data sets (Fig. 3) , loss of phylogenetic signals in the nucleotide data set may be related to such multiple hits (34) . The slight divergence of the deduced amino acid sequences of SGs 7, 8, 11, and 13, SGs 1 and 9 (subgroup P-I), and SGs 3 and 10 (subgroup P-II) may indicate that their divergence is recent. on January 17, 2020 by guest http://jb.asm.org/ Also, the differentiation of serogroups within subgroup P-III may be recent, which suggests that the factors determining the serogroup of L. pneumophila may be a restricted to a gene product (33) that seldom varies. The phylogenetic positions of SGs 8, 11, and 14 did not coincide in the tree constructed with the sequences of different regions (Fig. 4 ). Sequence comparisons also indicated quite different similarities depending on the regions compared ( Fig.  1 and 2) . This inconsistency can be explained by intragenic recombination among the strains of L. pneumophila. In other words, the dotA gene of L. pneumophila may have a mosaic structure composed of segments with different histories, as has demonstrated for intimins of pathogenic Escherichia coli (21) . The result of network-like phylogeny by split decomposition analysis ( Fig. 5 ) also supports the notion of intragenic recombination events in dotA. Because this analysis does not make an a priori assumption of a tree-like process of sequence divergence, conflicting phylogenetic signals in the data, such as evidence of recombination, will generate an interconnected network rather than a tree (1, 9, 35, 37) .
There are good examples of bacterial genes composed of diverse segments with different histories; i.e., intimin in pathogenic E. coli (21, 38) , the leukotoxin operon in Pasteurella species (8) , the capsular biosynthetic locus and penicillin-binding protein in Streptococcus pneumoniae (7, 11) , and the outer membrane protein (ompA) in Chlamydia species (22) . Genes that exhibit such mosaic structures mainly encode proteins that either are extracellularly secreted, are exposed on the cell surface, or act as virulence factors (19) . The mosaicism of dotA was suspected in a previous study, which used a portion of the dotA sequence (17) , and this was supported by a report that DotA is a secretory protein (24) . In addition, L. pneumophila has been reported to be naturally transformable (23, 36) , and its competence makes it possible to exchange portions of genes naturally (14, 23) .
Comparison of synonymous and nonsynonymous mutations has also shown that dotA does not have a homogeneous structure. A d S /d N ratio that exceeds 1 means that there is negative selection for amino acid change. On the other hand, a d S /d N ratio less than 1 indicates positive selection for amino acid substitution (10, 26) . The highest d S /d N ratio of the TM domains in dotA of L. pneumophila (33.84) indicates that it is under a strong negative selective constraint. However, that of the PP domains was close to 1, and the ratio was lower than 1 in the PP2 domain. This means that the periplasmic regions in dotA are under strong positive pressure for amino acid change, or relaxed selective constraint. Interestingly, the PP2 domain shares little similarity with TraY of plasmid ColIb-P9 in spite of the overall similarity between dotA and traY (18, 43) . This suggests that the PP2 domain has evolved in a different manner from the other regions of dotA. Thus, dotA is believed to have a mosaic structure due to transfer from two or more origins and to have experienced an extremely complicated evolutionary history even within a single domain.
In addition, individual domains within dotA have heterogeneous structures. In a region within the PP2 domain, the sequence of SG 5 of L. pneumophila subsp. fraseri was similar to those of SGs 2, 6, and 12 of L. pneumophila subsp. pneumophila (Fig. 2) . The sequence of the PP2 domain in SG 8 (residues 804 to 1452) was very similar to those of SGs 7 and 13, while they were clearly different in other regions (Fig. 2) . Moreover, nonsynonymous substitutions did not increase linearly after amino acid residue 520 in the PP2 domain ( Fig. 6 ). Therefore, it must be the case that the dotA gene of L. pneumophila has been exposed to high recombinational pressure.
DotA, as mentioned above, is a secreted protein, which is assembled into a ring-shaped structure with a central channel. It has been hypothesized that the conserved TM domains of DotA play an important role in assembly that is necessary for secretion (24) . The heterogeneous characteristics of the PP2 domain sequences may affect the structure of DotA. However, little is known about the secretion of DotA, though the high rate of amino acid change and frequent recombination events in the PP2 domain may be related to the secretion mechanism.
In conclusion, this study shows that the dotA gene of L. pneumophila has a complex mosaic structure produced by multiple intragenic recombinations. The PP2 domain, the largest periplasmic domain of DotA, exhibits the highest variability and shows a strong positive selection for amino acid substitution. Amino acid substitutions of the virulence gene can affect the fate of intracellular pathogens. DotA affects the ability of L. pneumophila to prevent phagolysosome fusion and to survive within macrophages (4). Thus, the rapid evolution of dotA via multiple recombination and frequent nonsynonymous mutations has provided L. pneumophila with increased fitness in certain environmental niches, such as within a particular biofilm community or species of amoebae, by generating novel antigenic variations at surface-exposed sites. 
